In this paper, we demonstrate that the penetration depth under two-photon excitation is limited by the strength of two-photon Juorescence and is not necessarily larger than that under single-photon excitation, although image resolution is much higher in the former case.
[I, 21 because this technology has proven advantageous over single-photon (1-p) scanning fluorescence microscopy. First, 2-p excitation is a nonlinear process [I] and therefore the fluorescence intensity is directly proportional to the square of the excitation intensity. Due to this quadratic dependence, the 2-p imaging technique provides a pin-point excitatioddetection method at a deep position within thick samples. Second, if an infrared laser beam is employed for 2-p excitation, 2-p fluorescence microscopy offers an access to ultra-violet (UV) excitation without using W lasers, and reduces Rayleigh scattering appreciably provided that the size of scatterers in tissue is much smaller than the illumination wavelength. According to these properties of 2-p excitation, it has been claimed that 2-p excitation results in a deeper penetration depth than 1-p excitation [l, 21 . However, the dominant scattering effect caused by these scatterers is Mie scattering rather than Rayleigh scattering. The physical difference between these two types of scattering is that the former is anisotropic scattering whereas the latter is isotropic scattering [3] . The strength of Rayleigh scattering is inversely proportional to the fourth power of the illumination wavelength. However, Mie scattering exhibits a more complicated nature shown in Fig. 1 . 
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Fig . 1 shows the scattering efficiency Q, which is defined as the ratio of the scattering cross section 4 to the geometrical cross section, and the anisotropy value g in Mie scattering as a function of the scattering parameter A (A is defined as the ratio of the size of a scattering particle a to the light wavelength A) [3] . It is seen from this example that for a small scatterer size, Q decreases significantly under multi-photon excitation. However, for a large size scatter, e.g. a = 2 pm, the scattering efficiency Q can he larger for multi-photon excitation, which may result in worse imaging performance under multi-photon fluorescence imaging. The signal level under 1-p, 2-p and 3-p excitation for scattering media consisting of small and large scatterers are illustrated in Figs. 2 (a) and (c) respectively. For a turbid medium consisting of small particles, the transverse image resolution is proven to be superior under multi-photon excitation, while the degrading of signal level is not much more significant. This feature demonstrates that the longer excitation wavelengths used in multiphoton excitation effectively reduce multiple scattering. However this advantage diminishes when a turbid medium consisting of large scatterers is taken into consideration (Fig. 3 (b) ). The sever signal degradation under multi-photon excitation in a medium consisting of large scatterers preventing a deep penetration depth under multi-photon excitation despite of improved image resolution.
In conclusion, multi-photon excitation is an efficient tool for suppressing Rayleigh scattering due to the fact that the size of scatterers is considerably smaller compared with the wavelength of excitation light. For small size Mie scatterers, multi-photon excitation is proven efficient in retaining high resolution images, although accompanied with low signal strength. The main obstacle for the application of multi-photon excitation in imaging through turbid media is large scatterers, in which case the improvement in image resolution is less obvious, and the degradation in signal strength is much severe.
